Purpose: This paper aims to design and test a system capable of coaxial fused deposition modelling (FDM) and assess the coaxial fibres produced for their coaxial concentricity. The goal is to achieve concentricity values below the literature standard of 15 per cent. Design/methodology/approach: This research discusses the design of the coaxial nozzle internal geometry and validates the modelling process by using computational fluid dynamics to assess its flow profile. Sequentially, this paper discusses the abilities of current additive manufacturing (AM) technology in the production of the coaxial nozzle. Findings: The methodology followed has produced coaxial fibres with concentricity values as low as 2.89 per cent and also identifies a clear speed suitable for coaxial printing using polylactic acid (PLA) as the internal and external materials. Research limitations/implications: The concentricity of the printed fibres is heavily influenced by the feed rate for the thermoplastic feedstock. This in turn alters the viscosity of the material to be printed, implying that a relationship exists between feed rate and print temperature, which can be further optimised to potentially obtain higher concentricity values. Practical implications: This paper adds reliability and repeatability to the production of coaxially printed structures, the likes of which has numerous potential applications for biological printing. Originality/value: The outcomes of this study will provide an AM platform to alter the paradigm of biofabrication by introducing a new level of versatility to the construction of biofabricated structures. 
INTRODUCTION

ADDITIVE MANUFACTURING
Additive manufacturing (AM) is defined as a "process of joining materials to make objects from threedimensional model data, usually layer upon layer" [1] . This process, also known as three-dimensional printing or additive fabrication, is an emerging technology finding applications across a range of industries. When comparing this method with traditional manufacturing, it is evident that AM relies on the concept of addition of material where required, while traditional methods remove unwanted material to create the desired geometry. This results in a process that is more efficient from a material consumption perspective, though it has shown to lack efficiency in time to manufacture [2] . AM services a variety of industries including, aerospace [3, 4] , automotive [5] , biomedical [6] [7] [8] and tooling [9] . Each sector utilizes the desired method for a number of reasons; though a common theme is the ability to manufacture using materials with unique properties [10] [11] [12] [13] [14] . AM processes can use materials which are biocompatible, biodegradable, conductive or insulating; while varying the density of the materials deposition. However, despite the recent expansion of research and development into these techniques, additional progression needs to be made to further enhance their capabilities.
COAXIAL ADDITIVE MANUFACTURING
A coaxial structure is one in which two or more materials are present and share a common axis. This structural configuration is commonly found in conducting cables, where the internal material is conductive in nature and the external is insulating, protecting the core from the environment and permitting the desired transfer of the signal. In the scenario of FDM, coaxial fibres will take the form of concentric circles, retaining the fibre and sheath configuration. Individual and sequentially controlled co-extrusion is a common feature for new FDM devices [15] , typically allowing for the deposition of a model material from one print tip and a support material from another. While this method is of great benefit for producing easy to remove support, or multi-material structures, the concept fails to compete with the complexity and versatility which could be achieved through a coaxial deposited fibre. Additionally, the strength characteristics of a multi-material printed structure would likely be lower than a single material build as the process will introduce a mechanical weakness at the point at which the two materials meet. A coaxial fibre, however, would allow the two separate materials to fuse while still in a molten state, altering the binding process between them and likely their strength characteristics. The first research into coaxial extrusion techniques in AM was completed in 2010 [16] . This work developed a means to produce a three-dimensional porous collagen scaffold with an alginate core. The scaffold was created through a solid freeform fabrication of collagen and alginate coupled with a cryogenic and freeze-drying system. The coaxial nozzle had an inner diameter of 175µm and an outer diameter of 500µm with the resultant structures showing a high level of dimensional accuracy. However, no measurements were made regarding the concentricity of the coaxial fibres, with a majority of the data suggesting the structures were not symmetrical about their longitudinal axis. Subsequent work into coaxial extrusion in AM involved the modification of a bioprinting device, a similar concept to FDM though commonly used for low temperature biological fluids. This research primarily targeted coaxial extrusion of organic materials and their incorporation into scaffold structures; specifically, the use of poly-ɛ-caprolactone (PCL) and a composite PCL graphene material [17] . The designed tip exhibits diameters of 900µm and 300µm for external and internal, respectively, though the fibres produced by this tip have dimensions of 800-700µm and 460-300µm for external and internal materials, respectively. The previous work considers the importance of developing an accurate, reliable and repeatable process in producing coaxial fibres through an AM process. The reliability of the device is assessed by measuring the offset of the core materials longitudinal axis from the external material's longitudinal axis. The bioprinting coaxial process reports axis offset averages as low as 15%, though the method for obtaining this percentage is not defined. The concept of coaxial extrusion has had limited development due to the complex geometry required for the coaxial hot-end. The resolution required and structural features would be impossible to construct using traditional manufacturing methods. Due to advances in additive manufacturing, it is now possible to produce such a component in metal (a titanium alloy (Ti6Al4V) will be used for ease of fabrication) through selective laser melting (SLM). This metal printing process acts as the catalyst for the design and construction of this customised printer.
EXPERIMENTAL DESIGN
Extruder Design
When designing the new extrusion mechanism, a key constraint was imposed regarding the angular orientation of the coaxial nozzle. As this intricate and complex component was to be fabricated by selective laser melting, the angular constraint was linked to the system's ability to print angled structures without requiring a support material. It is crucial to obtain optimum flow within the nozzle design; this demands that no internal support material be present within the coaxial nozzle chambers. This ultimately fixed the feed mechanism's position at an orientation of 45˚≤ from the vertical, limiting the potential configurations for the extruder position as new spatial constraints are now imposed. Figure 1a) shows the geared extrusion design concept. This system works by applying a force (F) to a bearing housing (A) which causes a feedstock (B) to make contact with a toothed gear (C). The toothed gear then grips the feedstock and propels it in the desired direction. The bearing acts to reduce undesirable friction, while the contact force, F, is adjustable as a result of a spring mechanism shown in Figure 1b ). An additional constraint of the extruder design is the requirement to supply feedstock for two materials simultaneously. Given the nature of the coaxial nozzle design, which is defined in the following section, the two materials must be supplied at differing rates. This implies that two extrusion systems are required and there must be independent control over the speed of each, eliminating the possibility of utilising a single stepper motor to supply both feedstock materials. 
Design Optimization of Coaxial Nozzle
To create a system which produces coaxial flow, the external material must envelope the passage of the internal material before allowing the two fluids to interface. Previous work into coaxial extrusion produced coaxial fibres with minimum offsets of 15%. This paper explores the impact of accurately predicting fluid flow with the expectation that this will optimize the concentricity of the printed materials; a key goal for this work. This section focuses on the design constraints imposed on producing a coaxial hot-end and the process of creating its internal geometrical curvature. To optimize the flow performance of the coaxial nozzle design, several nozzles were created using Solidworks to generate three-dimensional models, and ANSYS CFX used to compute thermal and flow simulations on the concept designs. The model geometries varied in the external fluid pathway only and were designed systematically as governed by the following conditions: 2. Create 5° angular cross-sections which are perpendicular to the external fluid pathway and span a total of 50°. Progressively reduce the cross-sectional area of the external fluid pathway by an equal amount until the internal fluid pathway is concentric within the external pathway. 3. Following the external fluid pathway and using the 5° method from condition #2, progressively expand the cross-sectional area in an elliptical form until the internal fluid pathway has been enveloped by the external, but is not yet concentric. 4. Identical methodology as condition #3 though the cross-sections were based on the internal fluid pathway rather than the external (Figure 2b) ). The initial CAD model (Figure 2a) ) was created for the coaxial nozzle as a bench mark, it exhibited no geometrical variation and its flow characteristics were simulated. The result (Figure 2c) ) identified an imbalanced velocity distribution and a region of static flow. This places a strong emphasis on equalizing the velocity distribution as the two fluid channels become concentric and minimizing static flow where possible. While it is likely that these flow conditions will change depending on the material being processed, for the nature of this work, the materials used in simulations will be PLA or ABS as these are the most common thermoplastics used in FDM systems and will allow for higher temperature testing. Depending on the viscosity of the material to be printed and the speeds at which they will be processed, areas of static flow occur to some extent in all geometries similar to that shown in Figure 2c ). This region is found as the internal nozzle enters into the external chamber; the protruding structure obstructs flow and creates a surface shielded from the direction of fluid flow. As a result, a solid aerofoil shape has been modelled around the internal nozzle in an attempt to minimize this occurrence and create a more uniform
pressure distribution. The variation in static flow between a nozzle modelled on condition #1 and one modelled on condition #4 with an aerofoil is shown in Figure 2c ) and d), respectively. While the simulations aim to produce a more uniform pressure distribution and velocity, the ultimate goal is to achieve concentricity in the final print material. This is expected to be obtained by producing equal velocities for both the internal and external chambers. However, the merging of the materials outside of the nozzle may cause irregularities to appear in the print materials. The simulations have been completed under the following circumstances. Let the material feedstock be either ABS or PLA, and the body of the coaxial hot-end be constructed from Ti6Al4V, as this is the metal powder which the coaxial tip will be fabricated from. The molar mass, density, specific heat capacity, dynamic viscosity and thermal conductivity for each material can be found in Table 1 . The heat chambers are set to either 468.15˚K or 533.15˚K, as these are typical printing temperatures for PLA and ABS respectively. Outlet pressure is assumed to be 101,325 Pa at an ambient temperature of 298.15˚K. All simulations have been completed assuming laminar flow.Feedstock velocity for use in simulations has been determined from a baseline output velocity for the external material of 60(mm/min). The internal material feed rate has been calculated by obtaining a ratio of the tip output areas for internal and external pathways and applying the associated reduction to the external material feed rate. * As molar mass cannot be determined for ABS or PLA due to the unknown degree of polymerization of the materials skeletal structure, a single degree of polymerization has been selected to represent each material.
Using the defined parameters and testing the created models, prioritizing equal velocity profiles and minimizing regions of static flow, a final concept design was created as shown in Figure 2b ). Figure 3a) shows the impact of localised heating and heat distribution about the flow profile for PLA in both the internal and external chambers. Figure 3b) shows the effect of a thermal gradient when printing materials with large temperature differences in melting temperature such as PLA and ABS; this simulation has been conducted as a worst-case-scenario for thermal gradients. Initial physical prints will use PLA for both internal and external materials for simplicity. This indicates a fulfilled design criteria, showing an equal velocity profile for the external fluid about the central axis in Figure 3c ). Concurrently, the simulation indicates that the aerofoil design for the protruding internal material minimizes the likelihood for the occurrence of regions of static flow. 
ADDITIVE MANUFACTURE OF COMPONENTS
Fused Deposition Modelling -Base and Supporting Structures
Additive manufacturing systems offer the ability to realize complex structures which would be otherwise impossible to manufacture using traditional methods. They offer rapid production with a variety of materials, making them an ideal solution for quick, complex designs. To take advantage of these abilities, a majority of the designed components were fabricated using the Australian National Fabrication Facilities (ANFF) owned UPrint Plus system. This device enables the production of objects with a minimum layer thickness of 254µm, while providing a variety of material fill density options. This infill density allows the printed structure to tolerate more force at the expense of increased object weight. All components manufactured through this method have been created with the minimum layer thickness at a high density infill using ABS as the build material.
Selective Laser Melting -Coaxial Nozzle and the Dimensional Accuracy of the Device
This work uses the Realizer SLM 50 system, producing components out of a titanium alloy (Ti6Al4V). The process offers 25µm layer resolutions with a minimum feature size of approximately 150µm, though this may vary depending on the material powder properties. While this process melts the powder in a specified pattern, small amounts of neighbouring powder also loosely adhere to weld boundaries during the process. Leaving a finish with a varying surface roughness; with titanium powder these adhesions reach sizes of 65µm. Excessive surface roughness may be detrimental to obtaining optimum coaxial flow.
b) a) c)
Due to the complex internal geometry of the coaxial nozzle, this component has been oriented in such a way to minimize the requirements of any internal support structure during the build process. The assembled design, shown in Figure 4 , shows the orientation of the designed extruders at the predefined 45˚ angle, as well as the coaxial nozzle and frame. All of which were produced through AM techniques. In addition to this, some components in the assembly were externally sourced. The polyether ether ketone (PEEK) heat shield was sourced commercially and fabricated through traditional manufacturing methods. The other elements externally sourced are the thermistors and nickel chromium resistance wire used to provide a feedback loop to heat the coaxial nozzle to temperatures up to 275˚C (not shown in Figure 4 ). 
RESULTS AND DISCUSSION
Measuring Coaxial Concentricity
The concentricity of individually produced coaxial fibres is a key milestone for the successful completion of this work. Coaxial samples have been obtained by extruding two different colour PLA materials through the coaxial nozzle at velocities calculated previously. The tip was heated to 200˚C and both flow rates controlled at 0.001 (m/s) and 0.0002 (m/s) for the external and internal material, respectively. The extruded distance was measured to be 10 mm of feedstock, with the resultant material free to flow without contact to the substrate. This allows the fibre to maintain its coaxial and cylindrical shape for ease of cross-sectional analysis. This procedure was conducted three times and the fibre was cross-sectioned by scalpel. The dissected fibre was examined using a Leica M205A microscope; a representation of a resultant coaxial fibre can be seen in Figure 5 .
To assess the concentricity of the fibres, a method has been devised on the basis of the coaxial extrusion study by Cornock et.al. [17] . While the research does not indicate the exact process for assessing concentricity, it states that the desired measurement is between the longitudinal axis for both the internal and external materials. Therefore, the central axis for each material must be located and the distance between them measured. This is to be expressed as a percentage of the external material's radius to account for any dimensional variation between samples. The core material offset has been calculated using equation 1, which is obtained with reference to Figure 5 . Figure 6 shows an analysed cross-section of a sample. By using this method to calculate offset, the effect of variation in the external diameter is minimized. By taking the average of both the vertical and horizontal diameters, it is possible to obtain a more relevant measure of offset. Failing to do so would result in skewed data as the resultant coaxial fibres may not be perfectly symmetrical in shape. Therefore, measuring an offset with respect to a non-symmetric shape would give ambiguous results.
Effect of Flow-Rate on Concentricity
With a means of assessing coaxial concentricity defined, the system can be tested to optimize parameters governing its performance. This section examines the impact of the rate at which feedstock is to be supplied to the hot-end (flow-rate) on coaxial concentricity. It is expected that an optimum flow rate will exist, where flow parameters are balanced, producing uniform concentric structures. Additionally, it is anticipated that lower flow rates will have less impact on die swelling. This is due to the molten material being held at pressure and temperature for longer, allowing the polymer chains to relax or detangle. Figure 7 shows the effect of the flow-rate on coaxial concentricity, clearly indicating an optimum parameter range. Three cross-sectional measurements of fibres at flow-rates of 40 and 50 mm/min produce average coaxial offsets of 2.89% and 3.5%, respectively. This demonstrates the range over which the system will produce the most coaxial structures. This result was anticipated, while many mechanisms may contribute to these findings, the most significant influence is likely to be attributed to polymer melting time.
(1) Figure 7 -Effect of flow rate on coaxial concentricity
While it was expected that varying the flow-rate would alter the fluid flow characteristics, the most influential factor was deemed to be time the feedstock spent in the heat chamber. By slowing the flowrate, the feedstock remains within the heat chamber for a longer duration, allowing it to reach higher temperatures. This in turn lowers the viscosity of the molten polymer, allowing it to flow more freely. Consequently, allowing the external material to more readily envelope the gap which exists between the two materials due to the internal nozzle wall. This indicates two key outcomes, that flow-rate does impact coaxial concentricity, and also that concentricity is highly linked to material viscosity, and therefore print temperature. From this we can hypothesise that varying each materials heat chamber may positively impact the concentricity of the produced fibres. Though the increased fluid temperature may produce more uniform coaxial structures, it may have detrimental effects on structures printed onto a substrate instead of freely extruded. The rate of cooling and material deformation resulting from depositing a higher temperature liquid will likely impact the coaxial quality of printed structures. Suggesting that printing at lower flow-rates may require external cooling on the resultant fibres to maintain their desired geometrical states. Consequently, the increased temperature, and potential external cooling, is likely to induce undesirable internal stresses in the produced coaxial fibre as well as locking the extrudate in its polymer entangled state. The introduction of a sudden thermal gradient will cause a variation in cooling between the internal and external materials, causing stresses to form within the structure, altering its mechanical strength. However, it is likely the internal material will be shielded from this effect and will remain largely unaffected, implying a weaker sheath with a stronger core material.
Explaining Discrepancies in Concentricity -Thermal Expansion
As the aim of this work is to produce a concentric coaxial print material to the highest reliable resolution, we must consider the effect which thermal expansion plays on the extruded fibre. Any material to be printed in this nozzle will undergo a heating process for printing and a cooling process post-printing. As such, we must consider the temperature gradient between the molten material and the substrate or environment. Each material has its own unique print temperature as well as its own thermal expansion characteristics.
The typical scenario of heat causes expansion and cold causes contraction plays an unusual role in the case of FDM systems. Typically, the heated material would be expected to decrease in size as it cools, and this will still be the case. The additional factor is the nature of the material being produced and the means of doing so. As the process involves a polymer undergoing temperature and pressure change through an extrusion die, it is expected that die swelling will influence the volume of the material immediately post-printing. The key factor is to consider is the ratio of thermal expansion against die swelling. Taking PLA as the test material, the thermal expansion formula for the area is:
where
Assuming an initial temperature of 200˚C, a final temperature of 25˚C, Eq.2 is applied to both the internal and external nozzle material outputs. This results in the output diameters decreasing by 26.8µm and 59.9µm for the internal and external materials, respectively. Comparing these values to the dimensions found in a typical coaxial extrusion cross-section ( Figure 6 ) appears to produce contradictory results. However, as the cross-section dimensions are similar to the coaxial nozzle output dimensions, the die swelling effect may be hiding these changes in area. This implies that the swelling factor is significantly influential on coaxial extrusion with research into die-swelling within FDM systems identifying a 1.05-1.3 swell ratio dependent upon the material used for printing [23] . This thermal expansion calculation has been used as a guide and will likely vary in practical application for the coaxial nozzle design. As the molten plastic passes from the heat chamber towards the tip, the material is slowly being cooled. The titanium alloy used to fabricate the coaxial nozzle exhibits adequate thermal conduction properties, though it is still anticipated that levels of heat loss are present as the distance from the heat chamber increases. This results in a lower change in temperature for the thermal expansion calculations, implying that the calculated values would be for extreme conditions.
CONCLUSIONS AND FUTURE WORK
This work has aimed to enhance the variability of structures which can be produced through means of FDM. To do so, a coaxial FDM system was designed and constructed, offering a wide range of control over the process. Three key goals have been realised to measure the success of the work produced. Firstly, we have produced a coaxial extrusion tip capable of accepting standard thermoplastic filament while having output dimensions of 1200µm and 400µm for the external and internal materials, respectively. Secondly, we have enhanced the reliability of the coaxial tip produced by optimizing its flow parameters and obtaining average coaxial offsets of 2.89%, much lower than the literature value of 15%. Finally, this work has reached a peak operating temperature of 275˚C to maximize the range of materials to be used in the system.
With these goals completed, this work contributes to research in additive manufacturing by:
• Developing a test platform for further experiments looking to fabricate with composite materials.
• Varying strength of printed parts or incorporating conductive fibres into the core-shell configuration.
• Providing a means to fabricate core-shell structures with high levels of coaxial concentricity, lending the nozzle design to the realm of bio-fabrication to produce high accuracy, complex, bio-scaffolds. Subsequent research into the realm of coaxial FDM should look at producing smaller external diameter materials as well as altering the structure to allow for a three dimensional printing coating system. This process would involve supplying a solid, flexible material through the internal chamber and coating it with the external material. The flexibility of the solid material would allow it to be printed as if it were liquid, further enhancing the capabilities of coaxial structures as well as FDM.
